A new warm forging method for magnesium alloys is proposed by taking their material properties into consideration. Since the ductility of Mg alloys is low at room temperature, the forging operation is conducted in the temperature range of 200-400 C. In the warm forging of Mg alloys, the billet is easily cooled down in the die cavity before the onset of forging due to high thermal conductivity. This problem is solved by heating the billet with high-temperature tools. Since the flow stress of Mg alloys exhibits a significant work softening phenomenon, a very high load tends to appear at the beginning of the forging process. In order to reduce the peak forging load, a new concept of billet shape is proposed; the shape is so chosen that pre-straining is caused without restraining the flow in the early stage of the process and then die filling is attained with a low flow stress. In this study, the proposed warm forging method is confirmed to be valid through finite element simulation and experiment using a servo-controlled press.
Introduction
Among metals used in practical applications, magnesium has the greatest advantage owing to its lowest density as well as high specific strength and electromagnetic interference shielding capability. 1) Mg alloys are increasingly used for lightweight structural and functional parts in the automotive and electronics industries. 2, 3) Die casting and thixomolding are commonly used for mass production of Mg alloy parts. These manufacturing processes are inefficient and tend to cause internal defects of the product. 4) Furthermore, die casting necessitates the use of the protective gas SF6, which has global warming potential. 5) For these reasons, it is desirable to produce Mg alloy parts by precision forging, and furthermore, the strength and toughness of the forged products are higher than those of the cast ones.
Since Mg alloys are brittle at room temperature, they need to be forged at elevated temperatures. To be now, hot forging has been applied to deform Mg alloys for grain refinement, but hot forged products should be finished by subsequent machining. If precision forging of Mg alloy becomes practical, Mg alloy parts could be produced without machining. 6) In order to investigate the possibility of mass producing Mg parts by precision forging, upsettability test and backward extrusion without lubrication were carried out as described previously. 7) Moreover, the frictional behavior of a Mg alloy was studied with the sliding test and the ring compression test to establish lubrication methods in precision warm forging as described previously. 8) In this study, a new warm forging method for Mg alloys is proposed by taking their material properties into consideration to reduce the peak forging load.
Forging Limit and Flow Stress of Magnesium Alloy
The flow stress of the magnesium alloy, ZK60 (Mg6%Zn-0.5%Zr) is measured by the upsettability test in which a cylindrical billet is compressed between concentrically grooved tools by restricting the end surfaces.
9) The initial billet is a cylinder with a height of 36 mm and a diameter of 24 mm. The billet is heated in a furnace and the lower tool is heated at 100 C while the upper tool is kept at room temperature. The upsettability test is conducted on a mechanical press with an average strain rate of 10 s À1 at billet temperatures of 100 to 400 C. Figure 1 shows the relationship between billet temperature and the occurrence of cracking of ZK60 in simple compression. When the billet temperature is below 200 C, shear type cracking takes place after a small strain. When the billets are compressed at 200-250 C, they exhibit unstable deformation. At 250-400 C, the billets are stably deformed in barrel shapes. When the temperature is higher than 400 C, the surface of the billets is significantly oxidized.
The flow stress curves of ZK60 are shown in changes with temperature, but the flow stresses at average equivalent strains larger than 1.0 are not significantly affected by temperature.
3. Heating Method of Magnesium Billet with Hightemperature Tools 3.1 Heating and lubrication methods of magnesium billet Figure 3 (a) shows the conventional forging method at high temperatures. The bulk billet is heated in the furnace and then transferred to a non-heated or a heated container on a forging press. Since Mg alloys are used for lightweight structural and functional parts, the billet is usually thin, and the temperature of the billet is easily cooled down during the transfer process from the furnace to the press. Furthermore, the flow stress of the Mg alloy changes greatly with forging temperature. For these reasons, controlling the temperatures of the billet and tool is critically important.
A new forging method for Mg alloy is shown in Fig. 3(b) . The billet at room temperature is inserted between hightemperature tools (200-400 C), and then it is directly heated by the tools. This method has the advantage of preventing billet oxidation.
Upsetting test
To examine the effectiveness of the proposed heating method, ring-shaped specimens of ZK60 are contacted with flat tools which are kept at 150-300 C. The load due to the weight of the upper tool is supported by springs, and a slight force is applied to the billet. The ring specimen has an outer diameter of 21.0 mm, an inner diameter of 7.0 mm and a height of 7.0 mm. The tools are of the cemented tungsten carbide (WC) and the tool surfaces are polished to mirror surfaces (R a ¼ 0:02 mm). A thermocouple is attached to the central part of the outer surface of the specimen. Figure 4 shows the relationship between heating time and specimen temperature. It is confirmed that about 20 seconds are required to heat the ring specimen up to almost the same temperature as the high-temperature tools.
After heating with the flat parallel high-temperature tools, the ring specimen is compressed between the tools without lubrication. Figure 5 shows the relationship between the tool temperature and the occurrence of cracking of a specimen heated for 45 seconds by this method. It is possible to forge the specimen without cracking at temperatures higher than 250 C by this method. To examine the necessary time to heat the specimen with this method, the relationship between specimen height and heating temperature is calculated by the rigid-plastic finite element method, RIPLS-Forge. contact is estimated to be 2:0 Â 10 3 WÁm À2 ÁK À1 . The calculated temperature at the center of the outer surface is shown in Fig. 6 . When the specimen height is 28.0 mm, it is possible to heat the specimen uniformly to the same temperature as that of the tools within 80 seconds, and this may be shortened by increasing the contact pressure.
Forging Method of Magnesium Alloy Taking Material Property into Account

Forging method for Mg alloy using work softening
The authors have carried out the backward extrusion of ZK60 without lubrication. 7) Figure 7 shows the relationship between extrusion ratio and punch pressure in the backward extrusion of ZK60 carried out on a mechanical press with a container heated to 300 C in the furnace. It is found that the extrusion pressure exhibits a peak value at a punch stroke of approximately 2 mm, and this becomes significant at large extrusion ratios.
In order to reduce the peak value of the forging load, a forging method for Mg alloys that takes the work softening characteristics into account is shown in Fig. 8 . In this method, a cylindrical billet whose diameter is smaller than the inner diameter of the container is used. In the early stage of the process (upsetting stage), pre-straining is made to exceed the strain of the peak flow stress without die constraint and then die filling is attained with a low flow stress.
Finite element calculation of backward extrusion
Load in the proposed forging process of magnesium alloy is calculated by the rigid-plastic finite element method, Billet height: 7.0mm
14.0mm 21.0mm 28.0mm RIPLS-Forge, and temperature is calculated by the finite element simulation for heat conduction. In the simulation, the rigid-plastic and the heat conduction finite element calculations are carried out alternately. The dimensions and geometries of the tools and billet used for the simulation are determined as shown in Fig. 9 . The flow stress curves of ZK60 given in Fig. 1 are employed. The temperatures of the punch and container are assumed to be constant (300 C). The coefficient of friction is assumed to be 0.20 measured in the ring compression test. Table 1 shows the computational condition for the simulation of backward extrusion for the Mg alloy.
All the billet shapes given in Table 1 Figure 10 shows the relationship between the punch position and the punch pressure. The punch position is taken to be 0 mm when the bottom thickness of the billet is 5.0 mm. The initial billet with a small diameter has the effect of reducing the peak punch pressure.
The distributions of equivalent strain and temperature in the billet at the end of the upsetting stage (the punch position is 0 mm) are shown in Fig. 11 . Because the billet with initial diameter D 0 ¼ 24 mm does not cause pre-straining before backward extrusion, the equivalent strain is 0 and the temperature is 300 C at the onset of backward extrusion. When the billets with smaller diameters are used, they are given equivalent strains of 0.25-3.0 in the upsetting stage, and then backward extrusion is attained with a low flow stress. Since the flow stresses of ZK60 at temperatures higher than 250 C do not vary much at average equivalent strains larger than 1.2, the punch pressures in backward extrusion with smaller diameters are almost the same.
Verification of Proposed Method
Finite element calculation of die forging
In order to demonstrate the validity of the proposed forging method (Fig. 8) , die forging is carried out. The proposed forging method is analyzed through finite element simulation, and the experiment of die forging is conducted on a servo-controlled press. Figure 12 shows the illustration of the punch and the container.
In the finite element simulation (RIPLS-Forge), the dimensions and geometries of the tools and billet are determined as illustrated in Fig. 12 . Table 2 shows the computational conditions used for the simulation of die forging, where the billet material is the Mg alloy ZK60. The temperatures of the punch and container are assumed to be constant, 300 C, and the billet at room temperature is heated by contacting with the high-temperature tools for 10 seconds. The effect of the initial billet shape on punch pressure in die forging is shown in Fig. 13 . The punch position is taken to be 0 mm when the bottom thickness of the billet is 3.0 mm. It is seen that the initial billet with a small diameter has the effect of reducing the peak punch pressure from 560 MPa to 400 MPa.
In Fig. 14 , the distributions of equivalent strain and temperature in the billet at the onset of backward extrusion (punch position is 0 mm) are shown. Because the billet with initial diameter D 0 ¼ 30 mm does not cause pre-straining before backward extrusion, the equivalent strain of the billet with diameter D 0 ¼ 30 mm is 0. When the billet diameter is D 0 ¼ 14 mm, it undergoes a 78% reduction in height during the upsetting stage, and undergoes an equivalent strain of 1.0-5.0 at the onset of backward extrusion. The temperatures of the billet are 300-320 C irrespective of the initial billet shape.
Experimental procedure
The proposed forging method is tested on a servocontrolled press (KOMATSU Industries Corp., HCP3000) with controlled punch motions. Figure 15 shows the punch motion of the servo-controlled press to form a billet of diameter D 0 ¼ 30 mm, height H 0 ¼ 3:0 mm. The tested material is the wrought magnesium alloy, ZK60 (Mg6%Zn-0.5%Zr). The dimensions and geometries of the tools and billet are shown in Fig. 12 and Table 2 . At first, the Mg billet at room temperature is sandwiched between the hightemperature tools (300 C) for 12 seconds and then it is heated up to approximately 300 C. A commercial solid lubricant with graphite and MoS 2 (STT Inc., Solvest dry coat spray 730) is sprayed on the Mg billet surface. Figure 16 shows the relationship between the initial billet shape and the punch pressure in the backward extrusion stage. The punch position is so determined that backward extrusion starts when it is 0 mm after the upsetting stage. For the billet with initial diameter D 0 ¼ 30 mm, backward extrusion starts without the pre-straining stage, and the extrusion pressure exhibits a peak value at the beginning of backward extrusion, and then the extrusion pressure decreases due to work softening. When the billets with initial diameters D 0 ¼ 24 and 18 mm are used, the peak extrusion pressures decrease from 420 MPa to 300 MPa because the billet is softened during the upsetting stage. On the other hand, when the billet diameter is D 0 ¼ 14 mm, a high extrusion pressure is observed at the end of backward extrusion although the Mg billet is softened by upsetting. In this case, it is considered that the lubricant film becomes very thin during upsetting (78% reduction in height), and a high friction may have caused the high extrusion pressure.
Experimental results and discussion
From the above experimental results, it is confirmed that the proposed heating and forging methods effectively reduce the peak forging load in the forging of Mg alloys. To put this method into practice, it is desirable to develop good lubricants for the forging of Mg alloys.
Conclusions
In order to reduce the peak forging load which appears at an early stage of extrusion in warm forging, a new warm forging method for magnesium alloys is proposed by taking their work softening characteristics into consideration. The following conclusions are obtained.
(1) The Mg billet shape is so chosen that pre-straining is caused in the upsetting stage and then die filling is attained with a low flow stress. With the finite element simulation, it is shown that the proposed forging method effectively reduces the peak forging load by 25%. (2) The heating method for Mg alloy by contacting the billet with the high-temperature tools can heat the billet to forging temperature within 10-20 seconds. This method also effectively prevents the billet from oxidization. (3) The experiments are conducted on a servo-controlled press by controlling the punch motion. The proposed warm forging method is confirmed to effectively reduce the peak forging load. It is pointed out that the development of suitable lubricants for Mg alloys is essential for this process. 
